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Neutrino appearance 
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Hard life for appearance: 
Solar scale:  

 νe→ νμ : below threshold for µ production 
Atmospheric scale: experimentally difficult 


νμ→ νe : subleading  (T2K) 
 νμ→ ντ : with cosmic ray neutrinos (SK) statistical separation  
   from large background 

νμ→ ντ : LBL beam neutrinos  (OPERA) with tau lepton    
   identification on an event by event basis  

The neutrino appearance is a key observation to establish the neutrino 
oscillation phenomenon.  

Neutrino oscillation pioneered via neutrino disappearance 
  Super-KAMIOKANDE, MACRO…. 

…and for long time the disappearance dominated the scene 
  SK, SNO, MINOS, KamLAND, Borexino….  



CNGS beam 
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732 km 

Laboratori Nazionali  
del Gran Sasso 

Beam	
  requirements	
  	
  
1)	
  high	
  neutrino	
  energy,	
  
2)	
  long	
  baseline,	
  
3)	
  high	
  beam	
  intensity,	
  	
  

 tau production threshold Eν~ 3.5 GeV 

< Eντ >∼ 17 GeV

L

< Eντ>

∼ 43 Km/GeV

High energy beam optimized to 
maximize tau  production  

P(νμ→ ντ ) ~ O(1)% 
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The separation of the ντ	
  CC	
  from the dominant νµ interactions	
  

νµ	
  

µ- νµ	
  

no-­‐oscillaHon 11%	
  QE,	
  89%	
  DIS	
  

νµ	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Decay	
  “kink”	
  

ντ	
  
τ-­‐	
   µ- 

35%	
  QE,	
  65%	
  DIS	
  
cτ ~ 87 μm  
~600 μm of path 

event-by-event, of the peculiar decay topology of the τ.	
  

νµ
oscillation−→ ντ + N → τ− + Xτ detection 

Emulsion Cloud Chamber 
(= 1 brick) micrometric resolution  

Lead Lead 

Emulsion 

~150000 bricks (1.25 kton) + 
electronic detectors 	
  

Hybrid detector 	
  



Collected data and status of the analysis  
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Year P.O.T. 
(1019) 

SPS 
Eff. 

Beam 
days 

ν interactions 

2008 1.7 61% 123 1931 

2009 3.53 73% 155 4005 

2010 4.09 80% 187 4515 

2011 4.75 79% 243 5131 

2012 3.86 82% 257 3923 

Total 17.97 77% 965 19505 

80% of the design   

Scanning strategy 
Bricks ordered by the probability to contain the neutrino interaction 
2008-2009  : analysis of the 1st and 2nd most probable brick 
2010-2012  : analysis of the 1st brick ( 2nd brick postponed)  

~87% predicted in the bricks   

Y.Gornushkin:	
  Poster	
  113,	
  board	
  33	
  Friday	
  session	
  



Vertex location and decay topology Search  
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Figure 4. Location efficiency with the two-brick analysis (�loc) vs ETT in a control sample of
data collected in 2008 and 2009 (bullets) compared with MC (histograms). The comparison is
done separately for 0µ and 1µ events. The error bars represent the systematical and statistical
uncertainties in the MC and in the data respectively.

no effect on the predicted signal or background events which is normalised to the number

of localised events in the data (see Sect. 4.1).

3.4 Decay search (topological selection)

The decay search (DS) procedure is aimed at detecting the decay topologies of τ leptons

produced in νCC
τ interactions once a vertex has been identified in the volume scan data.

The decay is defined as “short” if it happens in the same lead plate where the neutrino

interaction occurred or in the first downstream emulsion layer and as “long” if it happens

further downstream such that at least one complete micro-track is produced by the τ -

lepton. About 46% of the τ decays are expected to be short (43% in the first lead plate

and 3% in the first emulsion layer) while the remaining 54% are long decays happening in

the first plastic base (11%), in the second emulsion layer (2%), in the second lead plate

(25%) or further downstream (16%).

Candidate daughter tracks from short-lived particles decays are selected by requiring

their impact parameter (IP ) with respect to the reconstructed neutrino interaction vertex

to be larger than 10 µm if the depth in lead (λ) is lower than 500 µm or by loosening

this requirement to IP > (5 + 0.01 × λ) µm for deeper vertices. The next requirement is

that the momentum of the candidate daughter track measured from its MCS (pmcs) [59]

is larger than 1 GeV/c. If the number of planes in the scanned volume is not sufficient to

estimate pmcs the angular spread Sθ of the available segments is evaluated (see [60] for a

detailed definition). If Sθ > 15 mrad in both views, the track is discarded, otherwise the

MCS measurement is extended to more plates.

A search is then performed for additional tracks (called extra-tracks) which are not

directly connected to the primary vertex: they must be detected in at least 3 films and

the distance along the z-axis between the most upstream segment and the neutrino vertex

– 10 –

JHEP 11 (2013) 036 

The first two steps of the analysis chain are: 
1.  location of neutrino interaction 
2.  search of decay topologies (e.g. large 

Impact Parameter-IP)  

Full MC simulation including all steps of the scanning procedure followed 
in the scanning labs. 

arXiv:1404.4357v1  



Search for decay topologies: charm control sample 
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Charmed hadrons produced by νμCC interactions 
 à muon at the primary vertex, 

Mass and lifetime charmed hadrons ~ tau lepton 
 à similar decay topology  Φ	
 D, Λc 

µ	



2008-2010 OPERA data set 
54 ± 4 charm events expected  
50 observed in control sample 

charm back- 
ground expected data 

1 prong 21 ± 2 9 ± 3 30 ± 4 19 

2 prong 14 ± 1 4 ± 1 18 ± 2 22 

3 prong 4 ± 1 1.0 ± 
0.3 5 ± 1 5 

4 prong 0.9 ± 0.2 - 0.9 ± 0.2 4 

All 40±3 14±3 54±4 50 

M.	
  Guler:	
  Poster	
  236,	
  board	
  48	
  Tuesday	
  session	
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events, where 17 events were found in the procedure described in the figure132

2, while the other 2 events were found in the scan-back procedure mentioned133

above. To illustrate the typical pattern of νe candidates, figure 5 shows134

the reconstructed image of a νe candidate events, with the track segments135

observed along the showering electron track.136

2 mm

10 mm CSECC

electron

! showers

Figure 5: Display of the reconstructed emulsion tracks of one of the νe can-
didate events. The reconstructed neutrino energy is 32.5 GeV. Two tracks
are observed at the neutrino interaction vertex. One of the two generates
an electromagnetic shower and is identified as an electron. In addition, two
electromagnetic showers due to the conversion of two γ are observed (seen
as one shower in this projection), starting from 2 and 3 films downstream of
the vertex.

The νe detection efficiency as a function of the neutrino energy was com-137

puted with a GEANT3 based MC simulation. The simulated events were138

reconstructed with the same algorithms as used for the data. Slight differ-139

ences in the scanning strategy used along the years have been taken into140

account and enter in the evaluation of the systematic uncertainty. The re-141

sults of the simulation are shown in figure 6. The systematic uncertainty142

relative to its efficiency is calculated to be 10% for energies above 10 GeV143

7
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Figure 6. Distribution of the reconstructed energy of the νe events, and the expected spectrum
from the different sources in a stack histogram, normalized to the number of pot analysed for
this paper. Binning for the experimental data energy distribution is done according to the energy
resolution.

As the energy spectrum of the oscillated νe with large ∆m2
new (>0.1 eV2) follows the260

spectrum of νµ, which is basically vanishing above 40 GeV (see figure 1), a cut on the261

reconstructed energy is introduced. The optimal cut on the reconstructed energy in terms262

of sensitivity is found to be 30 GeV. We observe 6 events below 30 GeV (69% of the263

oscillation signal at large ∆m2
new is estimated to remain in this region), while the expected264

number of events from background is estimated to be 9.4 ± 1.3 (syst) (see table 1). Note265

that we choose to include the three-flavour oscillation induced events into the background.266

In this case, the oscillation probability does not contain the θ13 driven term.267

The 90% C.L. upper limit on sin2(2θnew) is then computed by comparing the expec-268

tation from oscillation plus backgrounds, with the observed number of events. Since we269

observed a smaller number of events than the expected background, we provide both, the270

Feldman and Cousins (F&C) confidence intervals [22] and the Bayesian bounds, setting a271

prior to zero in the unphysical region and to a constant in the physical region [23]. Un-272

certainties of the background were incorporated using prescriptions provided in [15]. The273

results obtained from the two methods for the different C.L. are reported in table 2. We274

also quote our sensitivity calculated assuming 9 observed events (integer number closest to275

the expected background).276

Given the underfluctuation of the data, the curve with the Bayesian upper limit was277

chosen for the exclusion plot shown in figure 7. For convenience, results from the other278

experiments, working at different L/E regimes, are also reported in this figure. For large279

∆m2
new values the OPERA 90% upper limit on sin2(2θnew) reaches the value 7.2 × 10−3,280

while the sensitivity corresponding to the pot used for this analysis is 10.4× 10−3.281

– 8 –

JHEP 1307 (2013) 004 
νe searched in 505 (~ 50% full statistic) 
neutrino interaction without the muon in 
the final state 
Extension to full statistic in progress 

E	
  <	
  20	
  GeV	
  

Candidate	
  νe	
   19	
   4	
  

Expected	
   19.8	
  ±	
  2.8	
  (sys)	
   4.6	
  

sin2(2θnew) < 7.2 x 10-3  (90% CL) 
sin2(2θ13) < 0.44 (90% CL)   

Upper limit Sensitivity
C.L. F&C Bayes F&C Bayes

Number of oscillated 90% 3.1 4.5 6.1 6.5
νe events 95% 4.3 5.7 7.8 7.9

99% 6.7 8.2 10.7 10.9
sin2(2θnew) at 90% 5.0×10−3 7.2×10−3 9.7×10−3 10.4×10−3

large ∆m2 95% 6.9×10−3 9.1×10−3 12.4×10−3 12.7×10−3

99% 10.6×10−3 13.1×10−3 17.1×10−3 17.4×10−3

Table 2: Upper limits on the number of oscillated νe CC events and the
sin2(2θnew), by F&C and Bayesian method, for C.L. 90%, 95%, 99%. The
sensitivity is computed assuming we observed 9 events, which is a most closest
integer from the expected background 9.4.
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KARMEN 90% C.L.
NOMAD 90% C.L.
BUGEY 90% C.L.
CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L. (F&C)
OPERA 90% C.L. (Bayesian)

Figure 8: The upper limit set by this analysis using Bayesian method, to-
gether with the other limits from KARMEN(νµ → νe [19]), BUGEY (νe

disappearance [20]), CHOOZ (νe disappearance [21]), NOMAD (νµ → νe
[22]) and ICARUS (νµ → νe [7], using F&C method). Also shown are the
regions corresponding to the positive indications reported by LSND (νµ → νe

[5]) and MiniBooNE (νµ → νe and νµ → νe [6]).

13

νe search 

Caveat: experiments 
at different L/E 

νe beam contamination ~ 0.9% 



Oscillation results  
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Kinematical selection 
cuts kept fixed since 
beginning of the 
experiment.   

Data sample: 
2008/09 : 1st and 2nd probable brick 
2010/11/12 : 1st probable brick  
5522 events analysed  
 
Expected 2.1 ± 0.4  
(Δm23

2 = 2.32x10-3eV2, θ23=π/4)  
Observed 4  
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B 

Negative muon measured in 
the muon spectrometer 

3rd ντ candidate (!→µ)  (2013)  

First measurement of the lepton charge in appearance mode   

PHYSICAL REVIEW D 89 (2014) 051102(R)  
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X 
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m
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2

3

4 daughter

Track 2 from neutrino interaction 
vertex, p = 1.9 GeV stopping in 
first iron slab of the magnet 

4th ντ candidate (!→h)  (2014)  

γ1	


γ2	


3	

4	


2	


J
H
E
P
1
1
(
2
0
1
3
)
0
3
6

variable τ → 1h τ → 3h τ → µ τ → e

lepton-tag No µ or e at the primary vertex

zdec (µm) [44, 2600] < 2600 [44, 2600] < 2600

pmiss
T

(GeV/c) < 1� < 1� / /

φlH (rad) > π/2� > π/2� / /

p2ry
T

(GeV/c) > 0.6(0.3)* / > 0.25 > 0.1

p2ry (GeV/c) > 2 > 3 > 1 and < 15 > 1 and < 15

θkink (mrad) > 20 < 500 > 20 > 20

m,mmin (GeV/c2) / > 0.5 and < 2 / /

Table 3. Kinematic selection. The meaning of the variables is defined in the text. The cut on p2ry
T

for the 1-prong hadronic decay is set at 0.3GeV/c in the presence of γ particles associated to the
decay vertex and to 0.6 otherwise. Cuts marked with a � are not applied in the case of a QE event.
Only long decays are considered for the τ → µ and τ → h channels due to a large background
component in short decays from charmed particles and hadronic re-interactions respectively.

TFDD
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Figure 6. MC distributions of the DTFD variable (section 3.6) used to combine the information
on momentum and range to separate muons from hadrons. The red (gray) histograms refers to
genuine muons (hadrons). The vertical line denotes the used cut.

background in the hadronic channels due to hadron re-interactions in νCC
µ events where

the electronic detectors alone do not allow the primary µ to be identified unambiguously.

Momentum-range correlations are characterised by a discriminating variable defined

as: DTFD = L

R(p)
ρ

�ρ� where L is the track length, R(p) is the range in lead of a muon with

momentum p, �ρ� is the average density along the path and ρ is the lead density. The MC

distributions of DTFD for hadrons and muons are reported in figure 6. If DTFD > 0.8 the

track is classified as a muon. Among all the criteria used to separate muons from hadrons,

momentum-range correlations and energy loss close to the stopping point, are those having

a lower purity in the muon-tagging. For this reason, TLD tracks which are classified by the

TFD as hadrons only by one of the above criteria are not included in the calculation of φlH .

– 14 –

D =
L

Rlead(p)

ρaverage

ρlead
= 0.40+0.04

−0.05
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Values	
 Selection	

P daughter (GeV/c)	
 6.0 +2.2

	
 > 2	

Kink Pt (GeV/c)	
 0.82 +0.30

	
 > 0.6	

Pt at 1ry (GeV/c)	
 0.55 +0.30

	
 < 1.0	

Phi (degrees)	
 166 +2

	
 > 90	

Kink angle (mrad)	
 137 ± 4	
 > 20	

Decay position (µm)	
 1090 ± 30	
 < 2600	


Kinematics of  
3rd ντ candidate 
(!→h)  
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ντ	
  
τ-­‐	
   µ-,,e, h, 3h 

Production of charmed 
particles in  
CC interactions 
(affect all decay channels) 

µ-,e- 
νµ,e 

D+ 
µ+  

e+ 
h+ 

νµ 
µ- Lare angle Coulomb scattering of 

muons in lead 
Bck. to τ →  µ	



Hadronic interactions in  lead:  
 
Bck. to τ →  h 	


 
 
or  to τ →  µ  	


(if hadron misid or  
mismatched with muon) 

νµ 
νµ 

h 

µ--, νµ  νµ 

h 

Background to  
MC tuned on CHORUS data (cross section 
and fragmentation functions), validated 
with measured charm events in OPERA 

FLUKA + test beam data (OPERA bricks 
exposed to pion beams) 

MC tuned on old measurements on lead 
form factor + dedicated test beam (in 
progress) 

In decreasing order of relevance   
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Data sample: 
2008/09 : 398 (0μ events) + 1553 (1μ events) 
2010/11/12 : 582 (0μ events) + 2153 (1µ events) 

Two statistical method : 
•  Fisher combination of single channel p-value 
•  Likelihood ratio  
  p-value = 1.03 x 10-5  of no oscillation 

n0µ(νCC
τ ) =

�
σ(νCC

τ )
�

�
σ(νCC

µ )
�

�
�0µ(νCC

τ )
�

�
�0µ(νCC

τ )
�
+ α

�
�0µ(νNC

τ )
� n0µ

The expected signal and background is normalized to the number of located 
events   

α =
NC

CC

Decay 
channel 

Expected signal 
Δm23

2 = 2.32 meV2 
Total  

background 
Observed 

τ→h 0.4 ± 0.08 0.033 ± 0.006 2 
τ→3h	

 0.57 ± 0.11 0.155 ± 0.03 1 
τ→µ	

 0.52 ± 0.1 0.018 ± 0.007 1 
τ→e 0.61 ± 0.12 0.027 ± 0.005 0 
Total	
   2.1 ± 0.42 0.23 ± 0.04 4 

no oscillation excluded 
at  4.2 σ CL 



First measurement of Δm2
32 with tau appearance  
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OPERA Preliminary (tau appearance) 
ANTARES (atm. neutrino) 

MINOS (anti-neutrino) 
MINOS (anti-nu atmospheric) 

MINOS (nu atmospheric) 
MINOS (atmospheric) 

T2K 

MINOS (2ν, maximal mixing) PDG 

strong dependence on Δm2 à measure Δm2 with counting experiment 

OPERA Off-peak  
L/<E> ~ 43 Km/GeV 

(L/<E>)peak ~ 500 Km/GeV 

90% CL intervals on Δm2
32

 assuming sin2(2θ23) = 1 
 
Feldman&Cousin    

  [1.8 – 5] x 10-3 eV2  
 
Bayesian    

  [1.9 – 5] x 10-3 eV2  
 

Nντ ∝
�

φ(E) sin2

�
∆m2

32L

4E

�
�(E)σ(E)dE

∝ (∆m2
32)

2L2

�
φ(E)�(E)

σ(E)

E2
dE



Sterile neutrinos 
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∆ij =
∆m2

ijL

2E
Tau appearance in the presence of sterile neutrino (3+1)   

Solar driven oscillation 
neglected Δ21 ~ 0 

Pνµ→ντ = 4|Uµ3|2|Uτ3|2 sin2 ∆31

2
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Figure 5. Constraints in the plane of |Uµ4|2 and |Uτ4|2 for three fixed values of ∆m2
41 from MINOS

CC + NC data (green), atmospheric neutrinos (orange), CDHS + MiniBooNE
(–)

ν µ disappearance +
LBL reactors (red), and the combination of those data (blue). The constraint from solar neutrinos is
shown in magenta. Regions are shown at 90% and 99% CL (2 dof) with respect to the χ2 minimum
at the fixed ∆m2

41. We minimize with respect to complex phases and include effects of θ13 and θ14
where relevant. The gray region is excluded by the unitarity requirement |Uµ4|2 + |Uτ4|2 ≤ 1. Note
the different scale on the axes.

as MINOS data, thanks to the NC matter effect and SNO NC data. No relevant limit can
be set on |Uµ4|2 from solar neutrinos.

5 νµ → νe and ν̄µ → ν̄e appearance searches

Now we move on to the discussion of appearance searches. In contrast to disappearance
experiments which probe only one row of the mixing matrix, i.e., only the elements |Uαi|
for fixed α, an appearance experiment in the channel

(–)

ν α →
(–)

ν β is sensitive to two rows via
combinations like |UαiUβi| and potentially to some complex phases. In the SBL approxi-
mation the 3+1 appearance probability in the phenomenologically most relevant channel
(–)

ν µ →
(–)

ν e takes the form

P SBL,3+1
(–)

ν µ→
(–)

ν e

= 4|Uµ4Ue4|2 sin2
∆m2

41L

4E
= sin2 2θµe sin

2 ∆m2
41L

4E
, (5.1)

where we have defined an effective mixing angle by

sin2 2θµe ≡ 4|Uµ4Ue4|2 . (5.2)

In the parametrization from Eq. (2.6) we obtain sin 2θµe = sin θ24 sin 2θ14. The oscillation
probability in the 3+2 scheme is given in Eq. (2.1). The 3+1 SBL appearance probability
does not depend on complex phases, whereas in the 3+2 scheme CP violation via complex
phases is possible at SBL [33, 60].

Our analyses of LSND [12], KARMEN [118], NOMAD [119]
(–)

ν µ →
(–)

ν e appearance
data are based on [33, 79, 120], where references and technical details can be found. Our
analyses of E776 [40] and ICARUS [41], used for the first time in the present paper, are
described in appendices E.2 and E.3, respectively.6 In the case of LSND, we use only the

6
Recently also the OPERA experiment presented results from a νµ → νe appearance search [121]. The

obtained limit is comparable to the one from ICARUS [41].

– 18 –
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Complementary 
measurement wrt 
disappearance experiments   

∆m2
32 = 2.32 × 10−3eV 2
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Δ21 ~ 0 (solar oscillation) 
s14 ~ 0 (reactor anomaly)  

 à δ1 = 0 U = R34(θ34)R24(θ24,δ2)R14(θ14)R23(θ23)R13(θ13, δ1)R12(θ12, δ3)

Choosing a particular representation (same as MINOS) 

OPERA	
  preliminary	
  
━  68%	
  CL	
  
━  	
  90%	
  CL	
  
━  	
  95%	
  CL	
  
•  CHORUS	
  νμ	
  	
  νt	
  (2ν)	
  
•  NOMAD	
  νμ	
  	
  νt	
  (2ν)	
  

Profiling over δ2 

sin2 2θµτ = 4|Uµ4|2|Uτ4|2 = sin2 2θ24 sin
2 θ34

Effective mixing  

68% CL 
90% CL  
95% CL 

O
P

E
R

A 
P

re
lim

in
ar

y 

Δm41
2	
  =	
  1	
  eV2	
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•  OPERA has recorded neutrino interaction equivalent to  
~1.8 x 1020 pot delivered by CNGS beam from 2008 to 2012  
(80% of nominal)  

•  4  ντ candidates observed so far with a background of 0.23 event. 
•  No oscillation hypothesis excluded at 4.2 σ    

Observation of ντ appearance  
•  First measurement of Δm2

31 = [1.8 – 5.0] x 10-3 eV2 (90% CL) for  
sin2(2θ23) = 1 using neutrino appearance 

•  Constrain on sterile neutrinos: first limits on |Uµ4|2 |Uτ4|2 from 
direct measurement of νμ → ντ oscillation 



Thank you for your attention	
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Image taken using  OPERA emulsion  film with pinhole hand made camera ���
courtesy by D.onato Di Ferdinando (INFN –Bologna) 	





Backup 
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Visible energy of all the candidates 

04/06/14	
   Giovanni	
  De	
  Lellis,	
  LNGS	
  Seminar	
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3rd candidate 

2nd candidate 4th candidate 

1st candidate 

Sum of the momenta of charged particles and γ’s measured in emulsion  
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Hadron interaction background 
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Background to  
τ →  h = 3.09 x 10-5 / located events 
τ →  3h = 1.5 x 10-5 / located events	
  

Estimated with Fluka MC and validated with test beam data (OPERA bricks 
exposed to pion beams) 

Hadron interaction rate suppressed by  
search of large angle tracks produced by nuclear fragments  

Black : experimental data 
Red : simulated data (β = p/E = 0.7) 

10GeV/c 
π- beam	
 

2GeV/c 
π- beam	
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No measurements except an upper limit from scattering on Cu: S.A. Akimenko et al., 
NIM A243 (1986) 518 (< 10-5 in lead). 10-5 rate used 

Plan to revise this number by an experimental measurement with emulsion 

! !

!"#$%&#

!"#$%&'%()*+,

'-'./%012'"+3456#*78(

'''''./%012'9+(:;+<'54(=<+'5>8::+*4(=

.+8(:?@AB0CD%E'>F**G

FLUKA	
  

LEAD 
EMULSION PLASTIC 

Lead Lead 

Emulsion 

Plastic 

Large angle muon scattering background  
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τ→µ	


τ→h 
τ→3h	

 τ→µ	



τ→h 

τ→h τ→3h	



τ→µ	



τ→h 
τ→3h	



τ→µ	


τ→h 
τ→3h	



τ→µ	


τ→h 
τ→3h	



τ→µ	


τ→h 



Track features	

First  

measurement 	

Second  

measurement	

 Average	


Track ID	
 Particle ID	
 Slopes	
 Slopes	
 Slopes	
 P (GeV/c)	

1ry	
 1 parent	
 τ	
 -0.143, 0.026	
 -0.145, 0.014	
 -0.144, 0.020	
 -	


2	
 Hadron 
(Range)	


-0.044, 0.082	
 -0.047, 0.073	
 -0.046, 0.078	
 1.9 [1.7, 2.2]	


3	
 Hadron 
(interact)	


0.122, 0.149	
  0.139, 0.143	
 0.131, 0.146	
 1.1 [1.0, 1.2]	


4	
 proton	
 -0.083, 0.348	
 -0.080, 0.355	
 -0.082, 0.352	
 0.7 [0.6, 0.8] 
 pβ = 0.4 [0.3, 0.5]	


γ1	
 e-pair	
 -0.229, 0.068	
 -0.238, 0.055	
 -0.234, 0.062 0.7 [0.6, 0.9]	


γ2	
 e-pair	
 0.111, -0.014	
  0.115,-0.034	
 0.113,-0.024	
 4.0 [2.6, 8.7]	


2ry daughter Hadron 
(Range) 

-0.084, 0.148	
 -0.091, 0.145	
 -0.088, 0.147	
 6.0 [4.8, 8.2]	
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ΔZ (µm)	
 δθRM (mrad)	
 IP (µm)	
 IP Resolution  (µm)	
 Attachment	


γ1	
 To 1ry	
 676	
 21.9	
 2	
 8	
 OK	


γ2	
 To 1ry	
 7176	
 9.2	
 33	
 43	
 OK	


To 2ry	
 6124	
 9.2	
 267	
 36	
 Excluded	


Not a single π0	


M = 0.59+0.20
−0.15 GeV/c2
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2 

γ1 

3 
γ2 

7 

5 
1 

6 

8 daughter 

¤ Beam view	
  1st ντ candidate (!→h)  (2010) 
Phys. Lett. B691 (1010) 138 



2nd ντ candidate (2012) 
(!→3h)  
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Figure 11. Event display of ντ candidate event B: CNGS transverse plane momentum balancing.
The red (blue) line represents the sum of the transverse momentum of the secondary (primary)
vertex tracks. The dotted line marks the direction of the parent. The inset represents the transverse
momenta of daughter tracks along the parent flight length direction.

γ was found. This track is then assumed to interact in the dead material in-between

two bricks. A muon with a momentum of the magnitude measured by MCS would

be expected to travel from 26 to 44 brick layers before stopping. This makes the

muon hypothesis very unlikely: DTFD is 0.05 for this track. Its projected slopes are

(0.155,−0.365), well inside the angular acceptance of the scanning. Even considering

the possibility of having missed a muon track crossing the downstream emulsion

detectors, the pattern in the scintillators does not allow the existence of such a track

for more than about 7-8 brick walls.

• track d1 has slopes of (-0.056, 0.101) and a measured momentum pd1 = (6.6+2.0
−1.4)GeV/c.

A hadronic interaction is detected in the emulsions of the brick in wall W4 (see fig-

ure 8) producing two charged tracks with slopes of (0.234, 0.489) and (0.034, -0.305).

The signature of the interaction is also indicated by the target tracker scintillators.

• track d2 has a slope of (-0.041, 0.260) and a measured momentum pd2 = (1.3+0.2
−0.2)GeV/c.

It has not been found in W2 or in the following walls corresponding to a range-

momentum correlation parameter DTFD = 0.25.

• track d3 has a slope of (-0.134, 0.220) and a measured momentum pd3 = (2.0+0.9
−0.6)GeV/c.

This track interacts in the brick containing the neutrino vertex, after 11 lead plates

i.e. about 1.3 cm downstream (V2 in figure 9). The interaction occurs inside the emul-

sion resulting in a very clear signature. The final state is composed of two charged

tracks (d3−1 and d3−2) and four back-scattered nuclear fragments.

The scalar sum of the momenta of all the measured charged particles in the event is

12.7+2.3
−1.7GeV/c.

– 22 –
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Tau decay in plastic base (low density) 



Kinematics of 3rd ντ candidate (!→µ)   

Neutrino	
  2014	
  -­‐	
  Boston	
  (USA)	
   S.Dusini	
  -­‐	
  INFN	
  Padova	
   29	
  

Kink angle (mrad) 245 ± 5 
decay length (µm) 376 ± 10 

Pµ (GeV/c) 2.8±0.2 
Pt (MeV/c) 690±50 
ϕ (degrees) 154.5 ± 1.5 



Search for highly ionizing particles in hadron 
interactions 
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Found fragment 1 

Ø Specific tool for scanning 
Ø Validation on the test-beam sample of hadronic interactions 
Ø No highly ionizing particle found in OPERA ντ candidate 

Found fragment 2 

Hadron interactions background can be reduced by increasing the detection efficiency of protons and 
nuclear fragments emitted in the cascade of intra-nuclear interactions and in nuclear evaporation process 
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20 m"

10 m"

Super Module 1 Super Module 2 

Muon 

Spectrometer 

Target 

TARGET TRACKERS 
•  2x31 scintill. strips walls  
•  256+256 X-Y strips/wall 
•  WLS fiber readout 
•  64-channel PMTs 
•  63488 channels 
•  0.8 cm resol., ε 99% 
•  rate 20 Hz/pixel @1 p.e. 
 

INNER TRACKERS 
•  990-ton dipole magnets  
(B= 1.55 T) instrumented 
with 22 RPC planes 
•  3050 m2, ~1.3 cm res. 

HIGH PRECISION TRACKERS 
6 drift-tube layers/spectrometer 
spatial resolution < 0.5 mm 

Veto Drift 
tubes 

RPC 
ECCs 

scint. 

strips 

BRICK WALLS 
•  2850 bricks/wall 
•  53 walls BMS 

Brick 
Manipulator 
system 

OscillaHon	
  Project	
  with	
  Emulsion	
  tRacking	
  Apparatus	
  

Detector 
supermodules 
construction: 
Sept. 2003 - 
spring 2007 

 Target Trackers 
•  neutrino trigger 
•  brick localization 

RPC + drift tubes 
in spectrometers: 
•  muon ID,  
•  momentum, 
•  charge 


